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ABSTRACT: Sichuan Basin is one of the uppermost petroliferous basins in China. It experienced
three evolutionary phases which were marine carbonate platform (Ediacaran to Late Triassic),
Indosinian-Yanshanian orogeny foreland basin (Late Triassic to Late Cretaceous) and uplift and
tectonic modification (Late Cretaceous to Quaternary). The present-day tectonics of the Sichuan Ba-
sin and its periphery are characterized by three basic elements which are topography, basement
type and surface structure, and two settings (plate margin and interior). Therefore, be subdivided
into five units which have different structure and tectonic history. The basin contains five different
sets of source rocks with thickness up to 2 500 m. These source rocks were well preserved due to the
presence of Middel-Lower Triassic evaporites (>~200 m) and thick terrestrial sediments filling in
the Indosinian-Yanshanian foreland basin (>3 000 m). The uplift and erosion since Late Cretaceous
has significant influence on cross-strata migration and accumulation of oil and gas. The multi-phase
evolution of the basin and its superimposed tectonic elements, good petroleum geologic conditions
and diverse petroleum systems reveal its bright exploration prospects.
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Tibetan Plateau.

0 INTRODUCTION

The Sichuan Basin is one of the largest petroliferous sedi-
mentary basins in China. As early as ~1100 CE ago, people has
used bamboo casing and piping to drilled brine/natural gas near
Zigong in the southern Sichuan Basin (Zhong and Huang, 1997).
The first significant Triassic gas pools were discovered in Shiy-
ougou and Shengdengshan structures in the 1930’s with a series
of oil/gas discoveries later on (Fig. 1), e.g., Well Long-10 in
1957, Well Nv-2 in 1958 and Well Wei-117 in 1964, Well
Chuan-104 in 1984, etc. (Ma et al., 2010; Liu et al., 2008a;
Zhang and Zhang, 2002; Xu and Shen, 1996; Korsch et al.,
1991). Recent major discoveries include Puguang Gasfield in
2003 in the eastern Sichuan (Liu et al., 2017; Zou et al., 2014;
Ma et al., 2007), Guang’an Gasfield in 2006 in the center of the
basin (Chen et al., 2007), and the Anyue Gasfield also in the
central Sichuan Basin in 2013, the latter representing the biggest
gasfield at present in China (Zou et al., 2014). The total proven
in-place gas volume found in the Sichuan Basin is 2.6x10" m’.
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Thus, it is timely to review the geological features of the Sichuan
Basin and its hydrocarbon accumulations, to better understand
petroleum and gas systems in the basin. This review of geological
basin is based on analyses of oil/gas accumulations in exploratory
wells and decades of field studies in the Sichuan Basin. It may
provide better understanding of the geology and hydrocarbon
occurrences in other tectonically complex basins.

1 TECTONIC SETTING

Sichuan Basin locates in the western margin of the South
China Block that is comprised by the Yangtze Platform in the
northwest and the Cathaysian Block in the southeast (Fig. 1). To
the north, it is separated from the North China Block by the Late
Paleozoic to Middle Mesozoic Qinling Orogen (Dong et al.,
2011), and to the west from the Mesozoic—Cenozoic Eastern
Tibetan Plateau by the Longmen-Daliang thrust fold belt (Liu et
al., 2012; Robert et al., 2010). The Qinling Orogen experienced a
protracted tectonic history, and is considered to have undergone
a two-phase collision along Shangdan and Mianliie suture zones
in the Middle Paleozoic and Mid-to-Late Triassic periods, re-
spectively. In particular, the later diachronous collision of the
North and South China blocks along the Mianliie suture zone
had exerted a profound impact on the evolution of the Sichuan
Basin (Liu S G et al., 2005), even the whole Yangtze Platform.

Furthermore, there are two tectonic phases that in general
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Figure 1. (a) Inser-map of the basic tectonic framework of the Sichuan Basin. (b) The digital elevation map (DEM) showing the topography and structure in the Si-

chuan Basin and its surroundings, which could be could be divided into three-part subdivision, i.e., the Chengdu Plain, central hill and mountains in eastern basin.

control the framework of the eastern Tibetan Plateau during
post-Late-Triassic. It is thrusting with sinistral strike-slip
which occurred during Late Triassic (Deng et al., 2012a; Chen
and Wilson, 1996), reactivated under EW pressure during
Cenozoic times (Wang and Burchfiel, 2000; Burchfiel et al.,
1995). The reactivation of old structures has been interpreted
as result of Late Cenozoic eastward, or southeastward extru-
sion of crustal material from the Tibetan Plateau (Wilson and
Fowler, 2011; Burchfiel et al., 2008). Within the South China
Block, Sichuan Basin is separated from a 1 300-km-wide
Mesozoic intracontinental orogenic belt by the Qiyueshan-
Daloushan structure (Li et al., 2012, 2007). It underwent a
complicated tectono-magmatic evolution during the Late
Mesozoic, referred to as the Yanshanian intracontiental
orogeny (Li et al., 2007; Yan et al., 2003).

The Kongling complex with Archean age crystalline base-
ment of the South China Block, overlain the Neoproterozoic
Banxi Group. The latter represents folded basement, consisting
of tightly folded, but only weakly metamorphosed greywacke-
slate succession (BGMPSP, 1991). These basement rocks ex-
posed around the Yangtze Platform (Fig. 2), are overlain by up
to 10 km of Neoproterozoic (Ediacaran)-Phanerozoic strata.
The sedimentary cover is comprised mainly of Paleozoic and
Middle Mesozoic strata of shallow-marine deposits, and post-
Late Triassic strata of terrestrial deposits. Although there are
widespread low-angle unconformities or para-conformities,
most of the Upper Silurian, Devonian and Carboniferous strata
are absent due to Caledonian movement across the South China

Block. The Upper Triassic, Jurassic, Cretaceous and Cenozoic
strata are composed entirely of continental clastic sequences.

2 MORPHOLOGIC AND GEOLOGICAL CHARAC-
TERISITCS OF THE SICHUAN BASIN
2.1 Morphologic Features and Three Part Subdivision of
the Basin

The modern surface elevations of the basin vary from 400 to
1 000 m above sea level. It is surrounded by peripheral mountains
with elevations of 1 5004 000 m above sea level (Fig. 1). Within
the basin the Longquan Mts. and Huaying Mts. divide it into three
morphologically different areas. The plain area (Chengdu Plain)
located west of the Longquan Mts. covers ~80 000 km® and has
elevation of ~450-650 m above sea level, decreasing from north-
west to southeast. Chengdu Plain is covered by Quaternary sedi-
mentary deposits <500 m thick (BGMRSP, 1991). The hill area
located between Longquan Mts. and Huaying Mts. has elevated
~300-550 m above sea level, decreasing from north to south,
where the hills subtly grade into the Chengdu Plain. It exposes
Jurassic—Cretaceous red beds in nearly horizontal strata over an
area of ~120 000 km® The mountainous area to the cast of
Huaying Mts. has variable elevation of ~350—1 000 m and covers
~100 000 km? It is composed of a series of NE-striking anticlines
and synclines. The anticlines, in which the Permian—Triassic strata
outcrop, are narrow and steep. Most summits are of ~700—1 000 m
in elevation, with peak elevations of ~1 700 m in the Huaying Mts.
In contrast, the synclines show gentle to moderate deformation,
where Jurassic strata outcrop at an average elevation of ~400 m.
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2.2 Deformational Features and Three Part Subdivision
of the Basin

The Sichuan Basin shows complicated tectonic structures
(Fig. 2), indicative of multiple-stage and multi-directional short-
ening and extension from its complex tectonic history during the
Phanerozoic. The basin can be divided into three belts with
different deformation features, separated along the Leshan-
Longquan Mts.-Langzhong-Nanjiang, and Yibin-Huaying Mts.-
Dazhou (Fig. 3).

The western area of the Sichuan Basin, located between
Longquan Mts. and Longmen Mts., is dominated by an
Indosinian-Yanshanian thrust-belt and foreland basin (Deng et
al., 2012a; Liu S G et al., 2012, 2005), most with NE-striking
structural direction. However, under the influence of the Mi-
cang Mts., the northern segment is characterized by nearly EW
and NE striking composite structures (e.g., Mianyang en-
echelon structure). To the southwest of the western corner of
the basin, the deformation is affected by growth of the Tibetan
2012b; Hubbard and Shaw, 2009;
Burchfiel et al., 2008), indicated by the occurrence of superim-

Plateau (Deng et al.,

posed NS striking structures during Late Cenozoic times.

The central area of the Sichuan Basin, located between
Longquan Mts.-Nanjiang and Yibin-Huaying Mts.-Dazhou,
predominantly shows composite structures, striking NE and NW.
These structures are generally characterized by gentle deforma-
tion and low-angle strata inclination in the outcrops. The curving

fold structures in the northern part of the Sichuan Basin (e.g.,
Bazhong and Langzhong structures), are the result of subtle
superimposition of multi-direction structures (Yue et al., 1996;
BGMRSP, 1991). Toward the basin center, the influence of
peripheral orogen decreases, EW striking structures dominate in
the center of the basin, represented by the Nanchong-Suining area.

The eastern Sichuan Basin, located between the Yibin-
Huaying Mts.-Dazhou and Qiyue Mts., is characterized by the
development of NE-trending chevron anticlines, gentle synclines
and northwestward thrust faults (Fig. 3). However, the fold axes
shift from EW to NE, then to N (Fig. 2). It has been suggested
that these tectonic changes are a result of progressive north-
westward propagation of the Yanshanian intra-continental de-
formation in South China (Wang Z S et al., 2010; Jin C et al.,
2009; Yan D P et al., 2009) and of the southwestward thrust-
nappe tectonics from Dabashan intra-continental deformation
(Shi et al., 2012). To the southern margin of the basin a triangu-
lar region located west of Chongqing and southeast of Yibin,
shows composite NE, EW and SN striking structures during the
Cretaceous to Cenozoic Period controlled by the Xuefeng Oro-
gen, and the Tibetan Plateau (Deng et al., 2016; Yue et al., 1996).

2.3 Basement Features and Three Part Subdivision of the
Basin

The Precambrian basement of the Sichuan Basin is com-
posed of two units—the crystalline basement comprised by the
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Figure 2. Structural features and division of the Sichuan Basin.
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Archean—Paleoproterozoic Kangding Group, and the folded tioned previously. This indicates that the basement has pro-
basement represented by the Meso-Proterozoic Huangshuihe and found influence on the basin development.

Neoproterozoic Banxi Group (Zheng et al., 2006; Luo, 1998; Guo

et al., 1996; Luo et al., 1994; BGMRSP, 1991). The basement is 2.4 Basin Margins and Subdivision

e M

cut by major boundary faults which divided the basin into three The western and northern borders of the Sichuan Basin
regions (Fig. 4), namely, the western, central and eastern regions. represent the western margin of the South China Block (Figs.
The most important faults are the NE-striking Longmenshan, 1, 3). These parts of the basin margin are comprised by large-
Longquan, Huaying and Qiyue faults. scale thrust belts and foreland basins (Deng et al., 2012a; Liu S

The three basement regions differ in lithology and struc- G et al., 2006, 2005, 1996; Li et al., 2003; Chen and Wilson,
tural deformation. The central basement region contains the 1996). There are deep lithospheric structures (Robert et al.,
Paleoproterozoic Kangding Group and Archean basic-ultra 2010; Jiang and Jin, 2005; Cheng et al., 2003) corresponding to
basic rocks. However, the western and eastern regions contain the large and sharp contrast in present morphology between the
both the crystalline and the folded basements. The western basin and the adjacent mountains (Liu et al., 2012; Clark et al.,
region contains metamorphosed volcanic and sedimentary 2004). The location of the boundary between foreland basins
rocks of Mesoproterozoic age, whereas the eastern region is and the adjacent mountains is chiefly controlled by the changes
dominated by the Neoproterozoic metamorphic Banxi Group. of the deep lithospheric structure. In contrast, the eastern and
Both of them were formed during the Neoproterozoic Jinning southern margins of the Sichuan Basin are located within the
Period (0.8-1.0 billion years ago) (Zheng et al., 2006; South China Block.
BGMRSP, 1991). There are similar lithospheric structures and gradual bounda-

The three parts subdivision of the basement features ries between the basin and the adjacent mountains (Wang Z X et
shows correlation with the three part subdivision of the mor- al., 2010; Zhou et al., 1997; Wang, 1994; BGMRSP, 1991). The
phologic and deformational features in the overlay cover men- Sichuan Basin and the bordering mountains here are linked by
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multi-layer detachments in the sedimentary cover of the Sichuan
Basin (Chen et al., 2011; Jin W Z et al., 2009; Yan D P et al,,
2009), that probably accommodated much foreland basin sedi-
ments removed by later strong erosion as the Appalachian fore-
land basin in New York (Blackmer et al., 1994). Thus, under the
influence of surrounding orogeny, the Sichuan Basin can be
subdivided into five units (Table 2, Fig. 2).

Unit I—The North Sichuan unit (Tables 1, 2). The area is
bordered by the Yingshan and Xinchang anticlines at the south
(Fig. 2). The Indosinian-Yanshanian thrust-belt and foreland basin

311

were controlled by the evolution of the Qinling Orogen and its
multi-layered thrusting to the basin (Liu et al., 2012; Plesch et al.,
2007; Wu et al., 2006). Unit [I—The West Sichuan unit is af-
fected by the evolution of the Tibetan Plateau and its multi-
layered thrusting to the basin (Deng et al., 2012a; Hubbard and
Shaw, 2009; Burchfiel et al., 2008).

Unit [II—The East Sichuan unit is characterized by devel-
opment of chevron anticlines, gentle synclines and significant
multi-layered detachment along the Lower Triassic, Silurian
and Lower Cambrian shale (Figs. 2, 3) (Yan D P et al., 2009,

Table 1 Characteristics of the basin margins in the Sichuan Basin

Types Cases Geomorphic features Tectonic features Formation time
. The deep lithospheric structure is diverse between Longmenshan
Longmen Mts. and Large contrast in morphology between moun- . . o . .
. . . . thrust belt and west Sichuan foreland basin, with distinct zoning Himalayan
West Sichuan tain and basin; extremely steep gradient and . . o .
. . and layering features. The uplift and erosion in the mountain and (Tertary)
foreland basin clear basin boundary . . .
Western subsidence in the basin are coupled
and Micang Mts. and  Large contrast in morphology between moun- The deep structure of lithosphere is diverse between the basin and ~ Mid—Late Yan-
northern North Sichuan tain and basin; extremely steep gradient and the mountain. There is Micangshan thrust belt and north Sichuan  shanian (Jurassic
basin foreland basin clear basin boundary foreland basin, with distinct zoning and layering features Period)
mmargins . The structure of the lithosphere is diverse between the basin and the .
Daba Mts. and Large contrast in morphology between moun- ) . . Late Yanshanian
) ) ) . mountain. There is Dabashan thrust belt and northeast Sichuan
Northeast Sichuan  tain and basin; extremely steep gradient and . . . . . (Cretaceous
) . foreland basin, with distinct zoning and layering. The uplift and )
foreland basin clear basin boundary o . . ) . Period)
erosion in the mountain and subsidence in the basin are coupled
Slight contrast in morphology between moun- The deep structure of the lithosphere is similar, controlled by the .
) ) . . . ] Late Yanshanian
Qiyue Mts. and East tain and basin; obscure basin boundary; lack of northwestward multi-layered detachment and compressional «©
retaceous
Sichuan Basin steep variation between the fold belt and the deformation within the South China Block. There are typical Period)
erio
front of the mountain Jura-type folds in the structure
Southern
Minimum contrast in the morphology between The deep structure of the lithosphere is similar between the basin  Late Yanshanian—
and Dalou Mts. and ) ) ) ) ) )
. mountain and basin; obscure basin boundary; and the mountain, controlled by the northwestward multi-layered  Early Himalayan
eastern South Sichuan o . . .
basi Basi lack of steep variation between the folded belt detachment and compressional deformation of Xuefeng Orogen. (Cretaceous Period
asin asin
. and the front of the mountain There are typical Jura-type folds to Tertary Period)
margins
. Slight contrast in morphology between moun- . o .
Daliang Mts. and . . . The deep structure of the lithosphere is similar between the basin .
. tain and basin; obscure basin boundary; lack of . . Himalayan (Quar-
Southwest Sichuan o and the mountain, controlled by transpression on the southwest- .
. steep variation between the folded belt and the . . ternary Period)
Basin ern margin of the South China Block
front of the mountain
Table 2 Features of the different units in the basin-mountain tectonic systems
Units Structural features Dynamics

Comprised by Daba thrust belt, Micang thrust belt, North Longmen thrust belt and North Controlled by the evolution of Qinling

1. North Sichuan

. Sichuan foreland basin; the structure in the basin predominantly parallel to the strike of the
unit

Orogen and its multi-stage thrusting to the

thrust-belt. The deformation significantly weakens from the thrust belts to the basin basin

1L West Sich Consisting of the central and southern segments of Longmen Mts. and West Sichuan fore- Controlled by the evolution of Tibetan
. West Sichuan

. land basin. The deformation significantly weakens from the thrusting to the basin center, Plateau and its multi-stage thrusting to the
unit

with the NE and N-S striking structure basin

. L . . . Controlled by intra-continental deformation
NE-striking chevron anticlines, gentle synclines with much stronger deformation in the . .
from Xuefeng Orogen and its multi-layered

II1. East Sichuan

unit northern segment

detachment to the basin

. . . . Controlled by intra-continental deformation
The deformation weakens from Daliang Mts. To the basin, characteristic of gentle compos-

. . . from Xuefeng Orogen, the evolution of
ite structures with NE and NW strike

IV. Southwest

Sichuan unit )
Tibetan Plateau and basement structures

Insignificant influence from surrounding mountains. It is located at the rigid basement in the .
. . . . . . Controlled by the basement lithology and
center of the Sichuan Basin. The structure is characteristic by gentle deformation, with
structures

V. Central Sichuan

unit
nearly E-W strike, southwestward changing to an echelon NE-striking structure
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2003), controlled by northwestward deformation of the Xuefeng
Orogen during the Cretaceous Period (Jin et al., 2009; Yan D P et
al., 2009, 2003). Unit IV—The Southwest Sichuan unit is charac-
terized by gentle structures (anticline and syncline) and south-
westward increasing deformation (Chen et al., 2011; Wang and
Yin, 2009), which is controlled by the Xuefeng Orogen, and the
Tibetan Plateau (Deng et al., 2016; Chen et al., 2011; Wang and
Liu, 2009). Unit V—The Central Sichuan unit is characterized by
gentle deformation with near EW strike, indicative of insignifi-
cant influence from the surrounding mountains (Zhang et al.,
2011; Plesch et al., 2007). The deformation is predominantly
controlled by the basement lithology and structures.

3 MULTI-STAGE EVOLUTION OF THE SICHUAN
BASIN

3.1 Three Major Episodes of the Basin Evolution Process
3.1.1 Marine carbonate platform (Z-T;)

The multi-stage tectonic evolutionary process of the Sichuan
Basin can be divided into three episodes based on the stratigraphy
and petrology, as well as tectonic movement etc. (Fig. 5, Table 3).
The first episode of the Sichuan Basin evolution is dominated by
carbonate platform development, which began during the Ediaca-
ran epoch and lasted until early Late Triassic time (Z-T; ).
Sediment deposition was mainly occurring under a divergent
plate tectonic setting. During this long period of cratonic and
passive margin evolution, >5 km thick sedimentary strata were
deposited in shallow marine and tidal flat carbonate environments
(Guo, 2013; Guo et al., 1996). The deposition was influenced in
particular by two extensional tectonic episodes, i.e., the Xingkai
and Emeishan movement (Luo et al., 2001), which resulted in the
formation of the Early Cambrian Mianyang-Changning and Late
Permian Kaijiang-Liangping intracratonic sags (Liu et al., 2013a)
followed the term of “intracratonic sag” by Allen and Allen
(2013), defined such structures characterized with long-lived
extensional strain and no distinct offset of extensional fault. In
those basins accumulated significant deposits of black mudstone,
future source rocks for petroleum (Fig. 6). Both of these intracra-

tonic sags had major influence on the petroleum potential across
the Sichuan Basin, e.g., the source rock quality and reservoir
properties. The petroleum accumulated preferably at the periph-
ery of these intracratonic sags due to high-effectiveness migration
and high-quality reservoir (Liu et al., 2013a; Wang et al., 1998).
The Late Permian Emeishan extensional movement accompanied
by magmatic events had widespread influence on the thermal
history of the petroleum systems, in particular around the south-
western margin of the basin.

3.1.2 Foreland basin (T; -K;)

Since Late Triassic the Sichuan Basin has experienced a
significant transformation into a continental clastic foreland
basin (units I and II). It indicates that a predominant period of
tectonic change from divergent to convergent during this pe-
riod, resulting in the Longmenshan, Micangshan and Dabashan
thrust-fold-belts and related northwestern and northern Sichuan
foreland basin (Deng et al., 2012a; Liu S G et al., 2005; Guo et
al., 1996). There are >4 km terrestrial strata deposited in the
basin, spanning in age from the Upper Triassic Xujiahe Forma-
tion up to the Quaternary (Liu et al., 2006; BGMRSP, 1991).
Not only does the great thickness of T;—K terrestrial strata
serve as regional caps for the underlying marine petroleum
systems, but also it built up continental clastic petroleum sys-
tems, particularly in the Late Triassic Xujiahe Formation (Fig.
5). Due to the predominant influence of the Tibetan Plateau in
Late-Cretaceous to Cenozoic time (Hubbard and Shaw, 2009;
Burchfiel et al., 2008, 1995; Jia et al., 2006), the latest thrust-
ing and uplifting took place around the southwestern margin of
the Sichuan Basin (units II and IV), with occurrence of a lim-
ited Late Cretaceous to Cenozoic foreland basin.

3.1.3 Uplift and exhumation (K,—Q)

Significant uplift and exhumation occurred across the Si-
chuan Basin after Late Cretaceous (Deng et al., 2013a, b, 2009;
LiZ W etal., 2012; LiJ Z et al., 2009; Li W et al., 2009; Shen
et al., 2009; Liu et al., 2008b; Richardson et al., 2008) with an

Table 3 The three-episodes of the evolution in the Sichuan Basin during Phanerozoic

Phase Structural features Implications for petroleum accumulation
Building up structural traps and reform the previous lithologic traps.
Uplift and Basin-scale uplift and exhumation, resulting in extensive erosion  Significant adjustment of energy field in the basin, cross-formation
exhumation  of the Upper Jurassic—Cretaceous strata, and final building up of ~ migration of fluid, rapid accumulation of natural gas. In particular,
(E-Q) the present framework of the basin the preservation condition of the eastern and margin of the basin was
greatly damaged
Foreland Predominant Period of building up the structural framework of ~ Building up continental clastic petroleum systems. Great thick Ts—K
. the Sichuan Basin, with thrust-belt and foreland basin. The terrestrial strata can serve as regional caps for buried marine petro-
](3;?:32) major tectonic change from extension to compression formed a  leum systems dominant with structural and lithologic paleo-gas-
rhomboid-shaped foreland basin pools, with high- to over-maturity of source rocks
Multi-stage extensional tectonics, e.g., Xingkai and Emeishan  Significantly building up marine petroleum systems dominant with
Marine movement, and contraction deformation, e.g., Chengjiang and  structural and lithologic paleo-oil-pools, with highly matured marine
carbonate Yunnan movement. Significant deposits of black, organic  source rocks. The Xingkai and Emeishan movement have accommo-
platform carbon rich mudstone in the Lower Cambrian and Silurian, dated widespread influence on the thermal history of petroleum
(Z-T3) dominated by carbonate platform deposition. Extensive erosion  systems, in particular, around the central and southwestern parts of

from Late Silurian to Carboniferous across the basin

the basin
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increase in erosion rate during Late Cenozoic (Fig. 7). It proba-
bly signifies the co-influence of Late Cretaceous tectonic
change in basin geodynamics (Deng et al., 2012b), and the
influence of Tibetan Plateau growth.

Based on the modeled temperature-time histories of
thermal properties in the Sichuan Basin (surface temperature
of 10-20 °C, geothermal gradient of 20-30 °C/km), the cool-
ing and exhumation process across the basin can be divided
into three stages (Fig. 7). The first stage is characterized by
differential cooling and exhumation with various rates across
the basin, from the Late Cretaceous to Paleogene. During the
second stage a slow rate of exhumation occurred across the
basin through the Early Neogene. It was followed by a Late
Cenozoic significant increase (the third stage) across the
basin. The rate and magnitude of exhumation were ~40 m/Ma
and ~1 000 m during the first stage, ~100 m/Ma and ~1 500
m in the second and third stage (Deng et al., 2013b, 2009;
Liu et al., 2008b), respectively. The significant exhumation
across the Sichuan Basin resulted in extensive erosion of the
Upper Jurassic—Cretaceous strata and final building of the
present framework of the basin, which could be resulted from
the reorganization of Yangtze River or a base-level falling
(Richardson et al., 2008; Clark et al., 2004) although the

reorganization processes has been strongly debated (Richard-
son et al., 2008; Zheng et al., 2006). The western and north-
ern Sichuan Basin (units I and II) were subjected to relatively
weak denudation since the Late Cretaceous, as well as the
central Sichuan Basin (Unit V) (Deng et al., 2013a, b, 2009;
Shen et al., 2009; Liu et al., 2008b; Richardson et al., 2008).
Based on more than 100 apatite fission track samples and
vitrinite data across the basin, it suggests that the magnitude
of the erosion is less than 3 000 m at (units I, Il and V) (Deng
et al., 2013b, 2009; Liu et al., 2012) in contrast to the eastern
Sichuan Basin (Unit III) with the magnitude of more than 3
500 m. It should be noted that there has been significant
change in the exhumation (at least ~2 000 m) across the
Huaying Mts. (Deng et al., 2013b). Such a substantial uplift
and exhumation accommodated significant change and adjust
of the gas accumulation across the Sichuan Basin, e.g., the
Weiyuan Gasfield (Liu et al., 2015a, b, 2008b).

3.2 Tectonically Driven Sedimentary Changes during
Mesozoic—Cenozoic

During Mesozoic—Cenozoic time, the Sichuan Basin has
experienced three episodes of tectonically driven sedimentary
changes (Fig. 5, Table 3). The first tectonically driven change
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Figure 5. Stratigraphy, tectonic evolution and source-reservoir-cap rocks in the Sichuan Basin, indicating of multi-stage evolution and hydrocarbon accumula-

tion across the basin.
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from marine carbonate platform to marine clastic facies oc-
curred during the Carnian, as indicated by the disappearance of
the Maantang reefs (T3;m) and by the increase of terrigenous
clastics influx (Yang et al., 2010; Liu et al., 2009a; Wu, 1989).
This process ended the long period of the craton and passive
margin stage (Ediacaran to Late Triassic, Z,~T; ), which was
dominated by carbonate platforms and extensional tectonics.
The lower part of the Maantang Formation is comprised by
oolitic and reef limestones, with clastics being rare. However,
clastics and bioclasts increase within micritic limestone in the
upper part of the Maantang Formation (Fig. 8). The terrigenous

Shugen Liu, Bin Deng, Luba Jansa, Zhiwu Li, Wei Sun, Guozhi Wang and Ziquan Yong

clastics deposition in the Xiaotangzi Formation (T3f) culmi-
nates in the deposition of muddy siltstone, while reefs finally
disappeared, and marine clastic facies prevailed. The second
transformation is from marine clastic facies to terrestrial lacus-
trine clastic facies. It is the result of transpressional deforma-
tion occurring during Late Triassic time in western Sichuan
(units I and IT) and directed from the northeast to the southwest
(Liu et al., 2013b, 2009b; Deng et al., 2012a; Deng, 2007). In
particular, the sedimentary data indicate that marine delta
deposits were widespread in the southwestern Sichuan Basin
(units II and IV) (e.g., Anyue area, Zhao X F et al., 2008),
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consistent with the occurrence of deep-water deposits during Late Permian times.
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Figure 8. Rhaetian-Norian transition from marine carbonate facies to marine clastic facies at the western Sichuan Basin (see location in Fig. 2).

where they are represented by the lower part of the Upper
Triassic Xujiahe Formation. Thus, we suggest that the tectoni-
cally driven change from marine clastic facies to terrestrial
lacustrine clastic facies occurred after Rhaetian-Norian time
across the western Sichuan Basin (units I, II and IV), progress-
ing from the northeast to the southwest. Until the end of the
Late Triassic, the Sichuan Basin was transformed into a terres-
trial basin, predominantly filled by lacustrine clastics. Lacus-
trine and fluvial facies dominated during Jurassic—Cretaceous
time in the basin. Based on the similarity in paleontology,
lithology and sedimentary facies across the region (Guo et al.,
1996; Xia, 1982), it can be suggested that paleo-lacustrine
environments prevailed in the Sichuan, Xichang, and Yunnan
basins and much of the Huibei area, all located on the western
margin of the South China Block (Guo et al., 1996).

From the Late Cretaceous on, the Sichuan Basin has pro-
gressively undergone another tectonic change, causing shrink-
ing of the earlier paleo-lacustrine environment. This was a
result of differential exhumation across the basin. The Late
Cretaceous tectonic change is indicated by: (a) significant
exhumation beginning at this time as demonstrated by thermal
modeling of apatite fission tracks across the basin and its pe-
riphery from Late Triassic to Early Cretaceous terrestrial strata
(Deng et al., 2013a, 2009; Li et al., 2012; Wilson and Fowler,
2011; Shen et al., 2009; Enkelmann et al., 2006; Reiners et al.,
2003); (b) significant exhumation around the northern and
eastern part of the basin, whereas high subsidence and deposi-
tion took place around the southern and western part of the
basin, where >2 000 m thick sediments were deposited (Fig. 9);
(c) tectonic change of basin geodynamics from the Qinling
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Orogen to the Tibetan Plateau (Deng et al., 2012b).

Thus, the Late Cretaceous—Eocene strata only outcrop near
the southwestern boundary of the Sichuan Basin (units IIT and IV),
demonstrating that the paleo-lacustrine environment was shrink-
ing southwestward. The Cenozoic build-up of Daliang Mts. and
significant sinistral movement at the boundary faults (e.g., the
Xianshuihe and Xiaojiang faults) occurred around the southwest-
ern margin of the Sichuan Basin (Chen et al., 2011; Deng et al.,
2011; Wang and Yin, 2009; Wang and Burchfiel, 2000). It led to
constriction of the paleo-lacustrine environments. By the Eocene,
the depositional environment within the Sichuan Basin had be-
come restricted, with deposition of evaporites-gypsum, salt and
mirabilite (e.g., the Shuangliu and Minshan areas at the Unit III,
Guo et al., 1996). During this time, the Sichuan Basin became an
internally drained basin. In particular, rapid exhumation took
place (ca. 4020 Ma) across the Sichuan Basin (Fig. 7). Thus, we
suggest that the third tectonic change occurred across the Sichuan
Basin in Eocene time, as indicated by disappearing paleo-
lacustrine environments, and basin-scale differential exhumation.

4 HYDROCARBON GEOLOGY AND ACCUMULA-
TIONS IN THE SICHUAN BASIN

The Sichuan Basin is one of the biggest petroliferous basins
in China. More than 175 gasfields and 13 oilfields had been

discovered by the end of 2015. Most of the petroleum resources
in the Sichuan Basin are thermogenic gas, which derived from oil
mostly sourced from marine carbonate rocks. The oils cracked
into gases when exposed to higher temperatures. Besides that,
some of the gas is generated from gas-prone type III kerogen in
the terrestrial strata (Zhao et al., 2010; Liu et al., 2008a; Tian et
al., 2008). The total proven hydrocarbon in-place reserves in the
basin were up to 2.6x10"> m®, of which 85.05% were sourced
from marine organic matter and 14.95% were from terrestrial
organic matter (Table 4). The latest resource assessment in 2002
(Wang et al., 2005) indicated that the total amount of conven-
tional prospective petroleum geological resources are up to
4.26x10° t (oil) and 5.35%10"> m’ (gas). Furthermore, Li J Z et al.
(2009) and Yan C Z et al (2009) suggested the inferred unconven-
tional petroleum geological resources are 7.14x10'%-14.6x10"
and 2x10'-4x10'"> m® in the Cambrian and Silurian shales, re-
spectively. OGCGS (2013) suggest that the geological resource of
shale-gas is about ca. 40x10' m’ in the Sichuan Basin and its
periphery. The statistics data for proven gas resources at the end
of 2013 is given in Table 5. The main reasons for the abundant
hydrocarbon accumulations in the Sichuan Basin are abundant
organic matter, deep burial and good sealing conditions (Liu et al.,
2015b, 2008a).

50 km
—

F,: Maowen-Wenchuan fault
F.: Beichuan-Yingxiu fault
Fi: Anxian-Guanxian fault

D Jiaoziding comlpex
2 Pengguan complex
3 Baoxing complex
@ Wulong complex

Songpan-Ganzi
fold belt

nzré,;_ A

Guangyuan

5 H

o ]
.
. H
. .
=y hen %du
A

500

Eaaasnaag,

«" % Isopach of Upper

Cretaceous— Isopach of Upper "-"'
Paleogene Triassic ot
(m) (m)

Duj‘@)
..... 1 .as00

g) é
::\‘\‘.j)
",
.
.."..
Q=2
=
=

- _C‘h__éri_g,dl,-l\q}(\0 - - . )
o <) Q S AS
—~ ) / S LR
1000 ANy, a
/ — \ . /S s 7,
/1 o 800 Chopgfxng.\x ey
~600— | [/ [/ & // / Isopchof
AN ;-\‘“'?;KQQ '/ / Late Jurassic
. (m)
I I
* < Guangyuan

o

ulin
i

o

o
Zunyi Chongging

L%shan

Figure 9. Foredeeps migration during the Mesozoic time in the Sichuan Basin, indicating of a southwestern propagation of foredeeps, isopach are modified

from BGMRSP (1991), Guo et al. (1996) and Liu S F et al. (2005).



318 Shugen Liu, Bin Deng, Luba Jansa, Zhiwu Li, Wei Sun, Guozhi Wang and Ziquan Yong

4.1 Source Rocks

There are five sets of source rocks for hydrocarbon gen-
eration across the Sichuan Basin, namely Lower Cambiran
Qiongzhusi Formation (€,q), Lower Silurian Longmaxi For-
mation (S;/), Upper Permian Longtan and Changxing forma-
tions (P3), Upper Triassic Xujiahe Formation (Tsx) and Lower
Jurassic Da’anzai-Lianggaoshan formations (J;). The Xujiahe
Formation (T;x) contains gas-prone Type III kerogen, the
Longtan and Changxing formations (P;) are dominated by gas-
prone type III and oil-prone Type II kerogen (Table 5). The
other formations are dominated by oil-prone Type II kerogen.
The cumulative thickness of all source-rock sequences in the
basin is ca. 1 500-2 500 m (Huang, 1998; Guo et al., 1996).

The source rocks are rich in organic carbon, show high
intensity of hydrocarbon generation and high thermal maturity
(Table 5). The deep burial and high temperatures resulted in an
increase in thermal maturity of the source rocks and transfor-
mation of oil to gas. Even the youngest source rocks of the
Da’anzai-Lianggaoshan formations (J;) where the Rois 1.1%—

1.9% indicate that hydrocarbon generation is spanning from oil
to condensates. Deep burial has resulted in the thermal crack-
ing of oil and bitumen to gas, particularly in the Lower Cam-
brian and Lower Silurian source rocks. The predominant oil-
generation of Paleozoic source rock occurred before the Mid-
dle Triassic, thus most of paleo-uplift across the Sichuan Basin
are widespread with bitumen, indicating of occurrence of oil-
accumulation both in present gasfields and destroyed paleo-oil
pools, e.g., the Dingshan-Lintanchang paleo-oil pool and the
Puguang Gasfield (Liu et al., 2009c; Tian et al., 2008; Ma et
al., 2007). However, the subsequent oil-cracked gas period and
gas-generation of Permian to Late Triassic to source rock
dominantly took place during the Indosinian-Yanshanian
times, coevally with building of northern and western foreland
basins and related thrust-fold-belt (units I, II and IV) (Deng et
al., 2012b; Liu S G et al., 2012, 2006; Dong et al., 2008; Li et
al., 2007; Liu S F et al., 2005). Thus, the sealing conditions are
crucial for final gas remigration and accumulation across the
Sichuan Basin.

Table 4 Statistics of proven gas reserves in Sichuan Basin (by the end of 2014)

Units Strata A (x10° m?) B (x10° m®) C (x10° m®) D (x10° m?) Total (x10°m®)  Percentage (%)
JLLEN 7.71 15.18 22.89 0.09
Upper LK 175.58 175.58 0.67 1495
unit J 314.89 607.97 915.15 3.49
LT 674.32 213231 2806.63 10.71
T 6 845.24 10.16 191.56 7 046.96 26.88
P,T 2530.79 34.75 4121.73 159.91 6847.18 26.12
Middle P 131.08 131.08 0.50
it C,P 83.99 83.99 032  66.69
C 522.59 522.59 1.99
C,P,T 27425 27425 10.46
C,T 110.59 110.59 0.42
Lower P,€,Z 4812.4 48124 18.36
unit P,0 227 2.27 0.01 1836
Total 18 768.38 2977.95 4313.29 159.91 26217.54 100
Percentage (%) 71.59 11.35 16.45 0.61 100

A is from the Southwest Oil/Gas Field Branch of CNPC; B is from the Southwest Oil/Gas Branch of SINOPEC; C is from the South Company of SINOPEC;

D is from the Jianghan Company of Sinopec.

Table 5 Characteristics of major source rocks in the Sichuan Basin

Strata Facies Thickness C (%) Kerogen Intensity of hydrocarbon Thermal Oil/gas-generation  Oil-cracked
(m) type generation (x10* t/km?) maturity (Ro) period gas period
I Continental 50-350 ~0.96 1 ~59 1.1-1.9 J,-K
. >1%—-16.48%, 0.64-3.2,
Tsx Continental 50-300 1 ~160 T5-J3
mean ~2%, most<2.0
Continental 0.5%—-12.55%,
P3 0-25 I, 111 ~40 1.5-2.8 T35 J-K
& marine mean ~2.91%
. 0.1%—4.88%,
Sq/ Marine 0-650 1 >125 >2.0 P-T, Ty
mean ~1.1%
€1q Marine 0-420 0.75%—1.5% I >200 >2.5 C-P, T-J3

€,q. Lower Cambiran Qiongzhusi Formation; S;/. Lower Silurian Longmaxi Formation; P;. Upper Permian Longtan and Changxing formations; Tsx. Upper

Triassic Xujiahe Formation; J,. Lower Jurassic Da’anzai-Lianggaoshan formations; predominant oil-generation and oil-cracked gas periods are from Dong et al.

(2015), Sun et al. (2011, 2007), Yang et al. (2005), and Huang et al. (1997).
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4.2 Sealing Conditions

(1) Middle-Lower Triassic evaporites as regional caprock:
At the end of the deposition of the Middle-Triassic Leikoupo
Formation, the Sichuan Basin experienced widespread denuda-
tion, resulting in the erosion of up to the 3rd and 4th members
of the Leikoupo Formation across the basin, except at the
Luzhou and Kaijiang paleo-uplift, where substantial erosion
reached up to the Lower Triassic Jialingjiang Formation.

However, the thick gypsum deposits located in the 2nd
member of the Leikoupo and Jialingjiang formations probably
experienced minor erosion across the basin, including the area
of the paleo-uplift. In particular, according to the geochemical
data, the fresh water at that time had not reached the seal of
the 2nd member of the Leikoupo Formation. The gasfields
underlying the Leikoupo Formation thus have favorable seal-
ing conditions, e.g., the Moxi and Zhongba gasfields (Ma et
al., 2010; Liu et al., 2008c; Zhang and Zhu, 2006). Further-
the total thickness of the Middle-Lower Triassic
evaporitic seal is ~200 m across much of the Sichuan Basin
(Fig. 10), and up to 300 m in the western and central parts of
the basin (units I, I and V). Due to Cenozoic erosion, evapo-
rites are only ~100 m thick in the south and east of the basin
(units III and IV). Despite that, the Middle-Lower Triassic
evaporites form a regional cap for the underlying marine
reservoirs across the Sichuan Basin. According to the geo-

more,

chemistry data, there are two different fluid systems in the
Sichuan Basin. The lower system is within Z,—T,/ marine
carbonates and the upper system within T;-K clastic rocks
(Fig. 11). Fluids (e.g., oil, gas, water) in the same system
actively formed multi-source hydrocarbon pools, but rarely
circulated between these two systems. One of the reasons is
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that the Middle—Lower Triassic evaporites in the Jialingjiang
and Leikoupo formations provide efficient regional seals for a
cross-systems circulation.

(2) The preservation condition for hydrocarbons: The tec-
tonics exert a major influence on preservation conditions,
chiefly through the influence on thickness of deposited terres-
trial strata, intensity of deformation along the basin boundary,
and magnitude of denudation. Good correlation in Sichuan
Basins can be found between good preservation of the hydro-
carbons in the terrestrial deposits and denudation (Fig. 12). At
the western and northern part of the Sichuan Basin (units I and
II), very thick terrestrial strata of more than 3 000 m were
deposited since the Late Triassic (Liu et al., 2012; Li et al.,
2003; Wang, 1996), with relatively weak denudation since the
Late Cretaceous (Deng et al., 2013a, b, 2009; Liu et al., 2008b;
Richardson et al., 2008). However, significantly thinner terres-
trial strata (less than 1 500 m) were deposited in the southern
and eastern parts of the Sichuan Basin (units III and IV). The
thick terrestrial strata deposited in the units I and II provide not
only a good regional caprock for the underlying (Z-T,) marine
oil/gas reservoirs, but are also a new prospective terrestrial
target (T5—K) for natural gas exploration (Liu et al., 2012; Jin
et al., 2011; Zhao et al., 2010; Li W et al., 2009). Therefore,
we argue that the thick terrestrial strata, weak deformation and
minor magnitude of erosion contributed to better preservation
conditions for hydrocarbons.

4.3 Differential Denudation Magnitude since Late Creta-
ceous and Natural Gas Accumulations

Denudation and removal of overburden often changes the
structural style, pressure, temperature and salinity of the
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groundwater, etc., with profound effects on hydrocarbon systems
(Liu et al., 2015b; Deng et al., 2014, 2011; Ohm et al., 2008;
Doré et al., 2000).

In the Sichuan Basin hydrocarbon accumulation and fluid
charge have been affected by the different denudation across the
basin during Cenozoic time. It resulted in: (1) transformation of
paleo gasfield to present-day gasfield. During the denudation
process, the traps always have been exposed to some changes,
e.g., erosion of caprock or reactivation of faults, resulting in the
formation of a new trap and destruction of the previous one. Tian
et al. (2008) and Ma et al. (2007) argued that the Puguang Gas-
field shows an insignificant lateral shift of the peak of the trap,
when the paleo gasfield was transformed to the present-day
gasfield, with a gas preservation efficiency (ratio of proven in-
place gas volume in present gasfield to that of paleo-gasfield) of
oil-cracked gas being 75%—-85%. Today there are very few
petroleum accumulations at the basin boundary, where signifi-
cant deformation and denudation destroyed the preservation
condition for gas, particularly in the outer Sichuan Basin. Liu et
al. (2010) calculated that there were significant prospective
petroleum resources of 8.6x10° t in the Dingshan-Lintanchang
paleo oilfield, located at the southern boundary of the Sichuan
Basin. However, there is no gas accumulation today, due to the
total destruction of preservation conditions. Hence, the adjust-
ment or destruction of a paleo gas/oil field and its transformation
to a present-day gasfield may vary due to the difference in the
uplift, denudation, preservation, and structure of the trap. They
are controlled by different basin boundary, resulting in signifi-
cantly different preservation efficiencies for gas.

(2) Cross-formation migration of fluids and rapid accumula-
tion of natural gas. Many fractures and faults were generated

during deformation and denudation across the basin. They could
accommodate the cross-formation migration of fluids, charge
and accumulation of gas (Fig. 10). In the western Sichuan fore-
land basin (units I and II), fluids within the permeable layers of
the 2rd and 4th members of the Upper Triassic Xujiahe Forma-
tion have flowed cross the impermeable layers of the 3rd and 5th
members of the Upper Triassic Xujiahe Formation, to the per-
meable layers of the Jurassic sequences. Natural gas pools were
formed because paleo-gas pools were fractured due to tectonic
uplifting of the strata, resulting in cross-formation fluids flows.
As a consequence natural gas was migrating and accumulated at
high speeds and in large quantities through relatively narrow
paths (faults and fractures). Such process of natural gas pools
formation is called explosive accumulation (Liu S F et al., 2005),
and is accompanied by a decrease in pressure from the underly-
ing overpressure (pressure index 1.5-2.5) to upper normal pres-
sure in the strata (pressure index 0.9—1.5) (Wang et al., 2004; He
et al., 2001). Therefore, the thick terrestrial strata are new pro-
spective terrestrial reservoirs (Ts—K) for petroleum accumula-
tion, of which medium-large sized gasfields contribute 20.48%
to total proven in-place reserves of the natural gas in the Sichuan
Basin (Liu et al., 2012).

(3) 1t is likely that the previously dispersed natural gas, dis-
solved gas in formation water and coal-adsorbed gas (Bian et al.,
2009; Liu et al., 2008d), re-migrate and charge the present-day
traps, as the pressure and temperature changed due to the denu-
dation in the Cenozoic, across the basin. Bian et al. (2009) and
Zhao W Z et al. (2008) argued that the source rock desorbing
and hydrocarbon discharge resulting from late denudation and
unloading process, lead to the formation of medium-low to
large oil/gasfields, e.g., the Guang’an Gasfield.
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The multi-phase evolution of the Sichuan Basin significantly
contributed to the diversity of petroleum systems, with abundant
prospects for petroleum resources. The evolutionary phase of a
marine carbonate platform in an extensional setting facilitated
with deposits of abundant organic matter, in particular the intrac-
ratonic sags provide favorable conditions for the formation of
assemblage of high-quality carbonate reservoir rock and mud-
stone source-rock (Tables 3, 5), and raise the efficiency and scale
of the hydrocarbon accumulation. It has significant influence on
the oil and gas occurrences along the margin of the sags in the
interior of the Sichuan Basin (e.g., the Puguang Gasfiled, Anyue
Gasfield). The second evolutionary phase of a foreland basin
accommodated deep burial and high-maturity of all sets of source
rocks across the Sichuan Basin (Tables 3, 5). At the same time,
fold-and-thrust deformation around the basin has resulted in
different types of basin-mountain systems, and widespread accu-
mulation of the oil-cracked gas during this episode. During the
Cenozoic times, widespread exhumation took place across the
Sichuan Basin, resulting in cross-formation migration of fluids
and rapid accumulation/adjustment of gas, in particular the west-
ern and central Sichuan Basin. It should be noted that some of
paleo gasfields suffered with destroy of preservation condition
during the Cenozoic times.

5 CONCLUSIONS

The Sichuan Basin, being a typical multi-stage basin, has
experienced three evolutionary phases since Phanerozoic time
as follows: (a) a marine carbonate platform in an extensional

setting from the Ediacaran to Middle Triassic, (b) a foreland
basin with fold-and-thrust deformation from Late Triassic to
Late Cretaceous, and (c) subsequent exhumation and structural
modification. Simultaneously, the Sichuan Basin also under-
went three periods of tectonically driven changes. The first one
is a transformation from an extensional to a contractional
tectonic setting during the Late Triassic Period, which resulted
into changed deposits from a marine carbonate in a passive
continental margin to continental clastic deposition in the
foreland basin. The second change occurred during the Late
Cretaceous, resulting in migration of localized foredeeps and in
a change from regional deposition to partial exhumation. The
last change predominantly took place in the Eocene and is
represented by the transformation of the sedimentary basin
from deposition to basin-scale erosion.

The Sichuan Basin is characterized by a three-part subdi-
vision in topography, basement and surface structure. The
Sichuan Basin and its periphery can be further divided into two
types of basin boundary, which can be sub-divided into five
units: I. the North Sichuan unit controlled chiefly by the Qin-
ling Orogen; II. West Sichuan unit controlled chiefly by the
Tibetan Plateau; III. East Sichuan unit controlled chiefly by the
intercontinental Xuefeng Orogen; IV. SW Sichuan unit con-
trolled chiefly by the Xuefeng and Tibet orogens; and V. the
central Sichuan unit controlled chiefly by the basement.

The Sichuan Basin, which is one of the major oil/gas ba-
sins in China, contains five sets of source rocks with cumula-
tive thickness of up to 1 500-2 500 m. There are good preser-
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vation conditions for petroleum accumulation in the basin, due
to the presence of Middle-Lower Triassic gypsum-salt rocks
(>~200 m) and thick terrestrial sediments (>3 000 m) deposited
in the western and northern Sichuan foreland basins (units I
and II). However, different exhumation since the Late Creta-
ceous has exerted significant influence on cross-formation
migration of fluids and rapid accumulation of gas. The multi-
phase evolution of the Sichuan Basin, different tectonic sys-
tems and petroleum geologic conditions in the basin signifi-
cantly contributed to the diversity of petroleum systems, with
abundant prospects for petroleum resources.
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